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SUMMARY
Friction and wear behavior of ion-beam-deposited diamondlike carbon (DLC) films coated on chemical-vapor-
deposited (CVD), fine-grain diamond coatings were examined in ultrahigh vacuum, dry nitrogen, and humid air
environments. The DLC films were produced by the direct impact of an ion beam (composed of a 3:17 mixture of
Ar and CH4) at ion energies of 1500 and 700 eV. Sliding friction experiments were conducted with hemispherical
CVD diamond pins sliding on four different carbon-base coating systems: DLC films on CVD diamond; DLC films
on silicon; as-deposited, fine-grain CVD diamond; and carbon-ion-implanted, fine-grain CVD diamond on silicon.
Results indicate that in ultrahigh vacuum the ion-beam-deposited DLC films on fine-grain CVD diamond (similar to
the ion-implanted CVD diamond) greatly decrease both the friction and wear of fine-grain CVD diamond films and
provide solid lubrication. In dry nitrogen and in humid air, ion-beam-deposited DLC films on fine-grain CVD dia-
mond films also had a low steady-state coefficient of friction and a low wear rate. These tribological performance
benefits, coupled with a wider range of coating thicknesses, led to longer endurance life and improved wear resis-
tance for the DLC deposited on fine-grain CVD diamond in comparison to the ion-implanted diamond films. Thus,
DLC deposited on fine-grain CVD diamond films can be an effective wear-resistant, lubricating coating regardless
of environment.
INTRODUCTION
In an ultrahigh vacuum, a spacelike environment, both the coefficients of friction (0.4 to 2.0) and the wear rate
(10 -4 mm3/Nm) of chemical-vapor-deposited (CVD) diamond films are considerably higher than in air or dry nitro-
gen. It is clear that surfaces will have to be modified to provide acceptable levels of friction and wear properties
before CVD diamond films can be used in vacuum for tribological applications such as vacuum wear parts in the
semiconductor industry or tribocomponents in spacecraft (ref. 1).
Modifying the surface of CVD diamond films by carbon or nitrogen ion implantation produces a thin (<0.5-1am-
thick) layer of amorphous, nondiamond carbon in the near surface region, which has low shear strength (refs. 2 to 4).
The presence of an amorphous, nondiamond carbon layer on CVD diamond films decreases both friction and wear
in ultrahigh vacuum, resulting in a low steady-state coefficient of friction (<0.1) and a low wear rate (<10 _6 mm3/
Nm), respectively. Ion implantation provides acceptable levels of friction and wear for CVD diamond films regard-
less of the environment in which they are examined (humid air, dry nitrogen, or ultrahigh vacuum).
It is known that ion implantation does not create an interface of demarcation between the host material and
implanted species (ref. 5). Instead, it produces a graded interface. The ion implantation process is easily controlled
by adjusting the operating variables of the accelerator, such as the accelerating energy, current density, and time.
One of the disadvantages of ion implantation technology is that the depth of penetration of the implanted species is
very shallow (thickness range of ion-implanted layers, 0.01 to 0.5 bun) compared with that of conventional coatings,
which may limit the tribological applications of ion implantation to light loads or short-term operations. In other
words, the endurance life (wear life) of the ion-implanted layer, which contributes to tribological benefits, is limited.
Since the thickness range of diarnondlike carbon (DLC) films can be 0.1 to 5 lain, which is one order of magni-
tude greater than that of the ion-implanted layer, the wear (endurance) life of DLC can be longer than that of the ion-
implanted layer. Therefore, studying an amorphous DLC film coated on a fine-grain CVD diamond film is a logical
approach to enhancing tribological properties, in particular to increasing the endurance of CVD diamond films.
This investigation examined the friction and wear behavior of ion-beam-deposited DLC films coated on fine-
grain CVD diamond in sliding contact with CVD diamond pins in three environments: ultrahigh vacuum, dry nitro-
gen, and humid air. For a comparison of the friction and wear properties of the ion-beam-deposited DLC films on
fine-grain CVD diamond, reference experiments also were conducted with three types of carbon-base films: ion-
beam-deposited DLC films on silicon; as-deposited, fine-grain CVD diamond films on silicon; and carbon-ion-
implanted, fine-grain CVD diamond films on silicon.
MATERIALS
DLC films with a mean surface roughness (Rrms) of 40 nm were deposited on fine-grain CVD diamond, and
films with a mean Rrm s of 22 nm were deposited on silicon by the direct impact of an ion beam composed of a 3:17
mixture of Ar and CH 4 at an RF power of 99 W and ion energies of 1500 and 700 eV (ref. 6). DLC film thicknesses
ranged from 520 to 660 nm.
As-deposited, fine-grain CVD diamond films with a mean Rrm s of 31 nm on silicon were produced by
microwave-plasma-assisted CVD (ref. 7). Carbon-ion-implanted, fine-grain CVD diamond films with a mean Rrms
of 14 nm were produced by impacting carbon ions into the as-deposited, fine-grain CVD diamond films at an accel-
erating energy of 60 keV and a current density of 50 txA/cm 2 for approximately 6 rain, resulting in a dose of
1.2× 1017 carbon ions/cm 2 that formed a ballistic layer less than 0.1-ban thick (refs. 2 and 3).
The CVD diamond pin specimens were produced as follows: (1) a free-standing diamond film was produced via
the hot-filament CVD technique (ref. 8); (2) the CVD diamond film was brazed on one end of a steel pin; and (3) the
CVD diamond tip of the pin was then ground with a diamond wheel and polished with diamond powder. The CVD
diamond pin specimens were hemispherical, with a radius of curvature at the apex of approximately 1.6 mm.
EXPERIMENT
Raman spectroscopy was used to characterize carbon bonding and structure, and Rutherford backscattering
(RBS) and hydrogen forward scattering were used to determine the compositions of the DLC films. Surface
profilometry was used to determine the surface morphology, roughness, and wear of the films. Scanning electron
microscopy was used to determine surface morphology.
Rotating sliding friction experiments were performed in humid air at a relative humidity to 40 percent, in dry
nitrogen at a relative humidity less than 1 percent, and in ultrahigh vacuum at a vacuum pressure of 10-7 Pa. All
experiments were conducted with the DLC films and CVD diamond films in contact with the CVD diamond pins
(radius, 1.6 mm) with a load of 0.49 N (mean Hertzian contact pressure, around 2 GPa), at a constant rotating speed
of 120 rpm (sliding velocity, from 31 to 107 mm/s because of the range of wear track radii involved in the experi-
ments), and at room temperature.
RESULTS AND DISCUSSION
Figures l(a) to (c) present Raman spectra of the as-deposited, fine-grain CVD diamond films and the DLC films
deposited on fine-grain CVD diamond at ion energies of 1500 and 700 eV. The fine-grain CVD diamond films con-
rained the diamond form of carbon at 1332 cm -1 as well as the G- and D-band nondiamond forms of carbon (ref. 9).
These results are consistent with those from the Raman analysis conducted in the previous study (ref. 7). Raman
spectra of the DLC films on fine-grain CVD diamond indicate the presence of amorphous, nondiamond carbon. The
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characteristicd amondpeakisabsentfromthemicro-Ramanspectraoftheion-beam-depositedDLCfilms.These
spectrashowedthathedisorderofthenondiamondcarbonismoreprevalentintheDLCfilmdepositedat1500eV
thanat700eV.RamanspectraoftheDLCfilmsdepositedonsiliconsubstratesaresimilartothoseshownin figures
1(b)and(c)fortheDLCdepositedonfine-grainCVDdiamondsubstrates.
Thecompositions of the DLC films deposited at 1500 and 700 eV were, in atomic percent, C(59) H(36) Ar (1.8)
and C(57) H(42) Ar (0.8), respectively. As indicated, there is a higher concentration of hydrogen in the DLC film
deposited at 700 eV (C/H = 1.36) than at 1500 eV (C/H = 1.64).
Figures 2 (a) to (f) show typical friction traces in the three environments examined (ultrahigh vacuum, dry nitro-
gen, and humid air) for DLC films deposited on fine-grain CVD diamond films and for as-deposited, fine-grain
CVD diamond films. The traces show closely spaced irregularities. In general, the heights of the irregularities in the
friction traces investigated strongly depended on environment. Heights were lowest for dry nitrogen, increased for
humid air, and were the highest for ultrahigh vacuum.
In ultrahigh vacuum, the mean coefficients of friction obtained for the DLC films on CVD diamond were less
than 0.1--values which were lower than those obtained for the as-deposited, fine-grain CVD diamond films by a
factor of 5 or greater. Both in dry nitrogen and in humid air, the mean coefficients of friction for the DLC films were
slightly lower than those for the as-deposited, fine-grain CVD diamond films.
Figures 3(a) and (b) present the steady-state (equilibrium) coefficients of friction and wear rates in ultrahigh
vacuum, dry nitrogen, and humid air for DLC films deposited on fine-grain CVD diamond and on silicon at ion
energies of 1500 and 700 eV. Both the steady-state coefficients of friction and the wear rates of the DLC films
depended on the environment. Values were lowest for dry nitrogen, increased for humid air, and were the highest
for ultrahigh vacuum.
The ion energy influenced the wear rate of DLC films in ultrahigh vacuum: for DLC films deposited at 1500 eV
on fine-grain CVD diamond or on silicon, wear rates were 2.6 times greater than for those deposited at 700 eV. This
may be attributable to the higher hydrogen concentration in the films deposited at 700 eV than at 1500 eV. On the
other hand, the ion energy had little influence on the coefficients of friction and wear rates of DLC films in dry
nitrogen and in humid air. The coefficient of friction and wear rate of DLC films deposited on fine-grain CVD dia-
mond or silicon at 1500 eV were similar to those for films deposited at 700 eV.
Figure 4 presents the steady-state (equilibrium) coefficients of friction and wear rates obtained in ultrahigh
vacuum, dry nitrogen, and humid air for DLC films deposited on fine-grain CVD diamond at ion energies of 1500
and 700 eV; for as-deposited, fine-grain CVD diamond; and for carbon-ion-implanted, fine-grain CVD diamond.
The data indicate a marked difference in friction and wear due to the combination of materials and environmental
conditions.
In ultrahigh vacuum, both the steady-state coefficient of friction and the wear rate of the DLC films were rela-
tively low and were similar to those of the carbon-ion-implanted CVD diamond films. In contrast, the bare,
as-deposited, fine-grain CVD diamond films had a higher coefficient of friction and a greater wear rate. Thus, the
DLC films deposited on fine-grain CVD diamond films, like the carbon-ion-implanted, fine-grain CVD diamond,
provide solid-lubrication for CVD diamond films in ultrahigh vacuum. In humid air and in dry nitrogen, both the
steady-state coefficient of friction and the wear rate of the as-deposited DLC films were slightly lower than those of
the as-deposited, fine-grain CVD diamond films and the carbon-ion-implanted, fine-grain CVD diamond films.
Ion beam deposition of diamondlike carbon (DLC) films on chemical-vapor-deposited (CVD) diamond films
significantly decreased sliding friction and wear rate in ultrahigh vacuum. It also reduced the coefficients of friction
and wear rates in dry nitrogen and in humid air. Furthermore, ion beam deposition made it possible to produce uni-
form DLC films, a few micrometers thick, on large areas and curved surfaces (ref. 6). This greater range of DLC
coating thicknesses, coupled with low friction and wear regardless of environment, led to longer endurance life and
improved wear resistance than for the carbon-ion-implanted CVD diamond films. For example, the endurance life of
DLC films with a coating thickness of 0.5 lain on CVD diamond was approximately 20 times greater than that of
carbon-ion-implanted, fine-grain CVD diamond with an amorphous, nondiamond 0.05-_un-thick carbon layer.
CONCLUSIONS
The presence of a DLC film produced by direct ion beam deposition at ion energies of 1500 and 700 eV greatly
decreased both the friction and wear of fine-grain CVD diamond films in ultrahigh high vacuum, without sacrificing
thelow friction and low wear properties in dry nitrogen and in humid air. Thus, a DLC film deposited on a fine-
grain CVD diamond film can be an effective wear-resistant, lubricating coating in all three environments
investigated.
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Rgure 1.---Raman spectra. (a) Fine-grain
diamond film. (b) Diamondlike carbon film on
fine-grain diamond at an ion energy of
1500 eV. (c) Diamondlike carbon film on
fine-grain diamond at an ion energy of 700 eV.
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Figure 2.--Typical examples of _ction traces for films in sliding contact with chemical-vapor-deposited diamond pins
in ultrahigh vacuum, dry nitrogen, and humid air environments at room temperature. (a) Diamondlike carbon (DLC)
film in ultrahigh vacuum. (b) DLC film in dry nitrogen. (c) DLC film in humid air. (d) Fine-grain diamond film in ultrahigh
vacuum. (e) Fine-grain diamond film in dry nitrogen. (f) Fine-grain diamond film in humid air.
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Figure 4.--Coefficients of friction and wear rates of diamond-
like carbon deposited on fine-grain diamond, as-deposited,
fine-grsln diamond, and carbon-ion-implanted, fine-grain
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